Studies on morphological and genetic variabilities as well as alterations in pathogenicity were carried out in Plasmopara halstedii (sunflower downy mildew) isolates of several races. Aggressiveness was analyzed in one sunflower inbred line showing a high level of quantitative resistance. Viability analyses were performed on oval and spheric zoosporangia. Genetic relationships were detected between the pathogen isolates using 12 EST-derived markers. There were significant differences between pathogen isolates for aggressiveness criteria. Based on virulence and aggressiveness reaction for P. halstedii to D3 line of sunflower, there were two groups as more aggressive and less virulent isolates of 100 and 3xx races, and less aggressive and more virulent isolates of 7xx races. The oval zoosporangia for more aggressive isolates of races 100 and 3xx produced more zoospores than the oval ones for less aggressive isolates of races 7xx. The isolates of races 714, 704 and 314 had an intermediary genetic position between the two isolates of races 100 and 710. It is concluded that the relationship between aggressiveness and oval zoosporangia viability may be established in P. halstedii. No correlation was detected between pathogenicity traits and EST genotypes.
Introduction
Sunflower downy mildew is caused by Plasmopara halstedii ((Farl.) Berl. et Toni), an invasive species where sunflower (Helianthus annuus L.) is grown. It is an obligate endoparasite that cannot be cultivated independently from its plant host. P. halstedii is a homothallic oomycete, whose cycle is made up of a single sexual generation permitting overwintering and one or perhaps two asexual generations which occur during the growing season ( Figure 1 ). The disease affects young plants when the water content of the soil is high and maximum temperature is between 15 and 18°C.
P. halstedii displays a gene-for-gene interaction with its host plant and shows physiological races (pathotypes) capable of infecting a variable range of sunflower genotypes. The nomenclature of these races is based on the reaction of a series of differential lines . In France, race 100 (European race) has been present in the sunflower crop since 1965. Until 1987, it was the only race identified but in 1988 and 1989, two Delmotte et al 2008) . The 6 races identified since 2000 (304, 307, 314, 334, 704 and 714) and purified on specific host differentials had not been described previously in other countries. They appear to result from evolution of the parasite in France. To date, there are at least 35 races in different parts of the world (Gulya 2007) . Disease resistance in sunflowers to P. halstedii can be classified into one of two categories. The first is qualitative resistance which is conferred by the major Pl genes and tends to produce a disease-free plant . The second is quantitative resistance which is controlled by minor genes and tends to impact the rate of disease development (rate reducing) rather than producing a disease-free plant . In this pathosystem, there have been several studies on virulence (Roeckel-Drevet et al 1997; Tourvieille de Labrouhe et al 2000; Spring et al 2006; Gulya 2007; Delmotte et al 2008; Sakr 2010 ) and more recently on aggressiveness (Sakr 2009 (Sakr , 2010 Sakr et al 2008 Sakr et al , 2009 ). Virulence has been defined as specific disease-causing abilities and aggressiveness as nonspecific disease-causing abilities (Van der Plank 1968). In our previous studies, Sakr et al (2008) found no relation between morphology of zoosporangia and their race virulence profiles or aggressiveness criteria. However, zoosporangia viability is an important criterion that contributes with the primary and secondary P. halstedii infection processes (Meliala et al 2000; Tourvieille de Labrouhe et al 2000; Spring 2009 ). In this study, viable zoosporangium means that it is mature and releases zoospores capable to infect healthy plant tissues (Delanoë 1972; Hall 1989; Semal et al 1989) . Zoospores, which are single, mononucleated and motile in aqueous environments, are however a key feature in the life cycle of most oomycetaceous pathogens (Delanie 1972; Hall 1989; Semal et al 1989; Jeger and Pautasso 2008) . There are some studies about viability of zoosporangia of P. halstedii. Its zoosporangia produce highly variable number of zoospores in old sunflower tissues, while the most uniform zoosporangia develop on cotyledons when the infection is made by tips of germ lings. The production is more uniform on sensitive variety as compared to tolerant ones (G. Oros pers. comm.). Meliala et al (2000) showed that, one in three zoosporangia is in general viable, but this proportion varies between pathotypes. Moreover, Sakr et al (2007) revealed that the ratio of leaf disks bearing sporulation depends significantly on viability of zoosporangia when they were infected with single zoosporangium. But there was not made regular studies on the relationships between viability of zoosporangia and their aggressiveness in P. halstedii. Using RAPD markers and ISS sequences low levels of genetic variation and genotypic diversity have been revealed in P. halstedii (Roeckel-Drevet et al 1997; Intelmannand and Spring 2002) . The pathogen can now be detected even within symptomless host plants applying molecular techniques such as PCR method (Ioos et al 2007) . Spring et al (2006) differentiated between populations of pathotype 100, 310 and 330 as well as groups of populations representing pathotypes 700, 701, 703, 710 and 730. Moreover, Delmotte et al (2008) identified three genetically different groups of isolates organized around the first three races 100, 710 and 703 described in France. Indeed, the interest of ITS (Spring et al 2006) and EST (Delmotte et al 2008) sequences to characterize P. halstedii isolates has been showed, but races can not be defined with certainty. However, for P. halstedii, no data have been reported on correlation between groups based on molecular markers and pathogenicity traits. Recently, Sakr (2010) revealed the importance revealed the importance to scale virulence standard of P. halstedii in relation to sunflower differential line D3.
Based on that, the objectives of this study were (i) to analyze the variation of virulence and aggressiveness to D3 in seven P. halstedii isolates assigned to various races, (ii) to clarify the zoosporangia viability in the oval and spheric shapes zoosporangia for seven P. halstedii races and (iii) to analyze the genetic relationships between the seven isolates by using 12 ESTderived markers to clarify the correlation between pathogenicity traits and EST genotypes and hence an attempt was made to generate information about morphological and genetic variabilities as well as alterations in pathogenicity in sunflower downy mildew. (2000), and delineated in details by Sakr (2009 Sakr ( , 2010 .
Materials and Methods

Fungal isolates
Measurement of aggressiveness in P. hasltedii isolates
The inbred line FU of INRA was used to characterize aggressiveness of P. halstedii isolates. This line does not carry Pl gene, but it is known to have high level of quantitative resistance . Latent period was defined as the number of days of incubation necessary to obtain sporulating pathogen on 80% of the plants. Sporulation density was defined as the number of zoosporangia of the pathogen produced on a single cotyledon (Sakr 2009 (Sakr , 2010 Sakr et al 2008 Sakr et al , 2009 ). All the pathogenicity tests were carried out in growth chambers regulated at 18h light, 18±1 °C and RH of 65 -90%.
Measurement of viability in P. hasltedii isolates
Inoculum was obtained from infected seedlings of the sunflower inbred line `FU`. For studying the impact of plant age on zoosporangia viability, incubation period was 7, 8, 9, 10, 11 and 12 days followed by 24 hours at 100%RH to obtain sporulation on 10 cotyledons infected for each incubation period. All sporulated cotyledons were placed in a tube containing 20 ml of physiological serum (9g NaCl + 1L sterilized water) and shaken. One hundred microlitres of suspension was spread on Petri dishes on the surface of an agar medium (12g agar / 1L sterilized water). The physiological serum surrounded zoosporangia on the surface of an agar medium slowed zoosporangia maturation to facilitate observations before liberation of zoospores (Sakr et al 2007) . Viability analyses were carried out on oval and spheric zoosporangia because those shapes were most present in P. halstedii zoosporangia (Sakr et al 2008) . The oval and spheric zoosporangia were collected individually under a reverse microscope (x200) with the cone of a micro-pipette (10 μL) and then placed on the surface of an agar medium (12g agar / 1L sterilized water) in a drop (30 μL) of sterilized water according to method described by Sakr et al (2007) . During 1-3 minutes, counting of zoospores produced from each zoosporangium was carried out under a reverse microscope (x200). There were two replications for each P. halstedii isolate, incubation period and zoosporangia form (for oval and spheric shapes, there were 50 zoosporangia per each replication).
DNA extraction and molecular typing
For each isolate, DNA was isolated from infected plant tissue as previously described for Plasmopara viticola by Delmotte et al (2006) . Then we used the 12 polymorphic EST-derived markers (Giresse et al 2007) to genotype our P. halstedii isolates. The polygenetic relations between the seven isolates were obtained by building a Neighbour-joining (NJ) tree (Jin and Chakraborty 1993) by using Populations 1.2.28 Software (Langella 1999) . A Bootstrap analysis was performed on 10.000 replicates.
Statistical analyses
All statistical analyses were performed using StatBox 6.7® (GrimmerSoft) software. The aggressiveness values obtained were submitted to a one-way analysis of variance (ANOVA). For viability analyses, two-way analysis of variance (Fisher's test) was made on completely randomized designs with two factors, P. halstedii isolate and age of infected plants. There were 2 replications for oval and spheric zoosporangia. The Newman-Keuls test (Snedecor and Gochran 1989) was used to compare the means at P=0.05. Tables 2 and 3 present Fisher's test for each character. The sample correlation coefficients (Pearson's r) were calculated using overall mean values per treatment at P=0.01.
Results
Characterization of pathogenicity for P. halstedii isolates to sunflower differential line D3 Based on the virulence reaction for the seven P. halstedii isolates to D3 (Table 1) , there were two main groups. The first one which can overcome D3 comprises virulent isolates MIL 001, DU 1734 and DU 1915, while the second one which can't that clusters avirulent isolates MIL 001, DU 1842, DU 1767 and DU 1943. Analysis of the relations between percentage sporulation according to incubation period (Figure 2) showed differences in behaviour between P. halstedii isolates. There were two main groups from day 8 onwards: isolates MIL 001, DU 1842, DU 1943 and DU 1767 sporulated faster than isolates MIL 002, DU 1915 and DU 1734. All infected plants with isolates of races 100 and 3xx showed more than 80% sporulation after 9 days incubation, isolates of races 7xx needed 11 days incubation to reach the same intensity of sporulation. Figure 3 shows that the quantities of zoosporangia produced increased with time. There were two main groups from day 9 onwards: isolates MIL 001, DU 1842, DU 1943 and DU 1767 produced more zoosporangia than isolates MIL 002, DU 1915 and DU 1734 (Figure 3) . The quantity of zoosporangia produced was at a maximum 12 days after incubation. Table 2 presents a comparison between the two aggressiveness criteria of seven P. halstedii isolates. There were significant differences between P. halstedii isolates regarding the latent period (F=58.7) and sporulation density (F=30.1). The latent period ranged from 8.0 days for isolate DU1842 to 11.3 days for isolate DU 1734. Sporulation density varied three fold: 5.4 10 5 zoosporangia were produced by cotyledons for isolate DU 1915 and 16.8 10 5 for isolate DU 1842. There was a highly significant negative correlation (P=0.01) between latent period and sporulation density: r = -0.959. (Sakr 2009 (Sakr , 2010 Sakr et al 2008 Sakr et al , 2009 ). According to the Newman-Keuls test, means followed by the same letter are not significantly different at P=0.05. Values of latent period and sporulation density for P. halstedii isolates of races 100 and 710 presented by Sakr et al (2009) . Table 3 presents the number of zoospores produced from oval and spheric zoosporangia for the seven P. halstedii isolates and six sunflower seedling ages. The number of zoospores released from oval zoosporangia (Figure 4) were significantly (F=15.0) higher than those from spheric ones ( Table 3) .
Viability of oval and spheric zoosporangia
Age of host plant significantly influenced oval zoosporangia of various isolates of P. halstedii. The number of zoospores released from oval zoosporangia of isolates MIL 001, DU 1842, DU 1943 and DU 1767 was significantly higher than those released from them of isolates MIL 002, DU 1915 and DU 1734, and the specific number of zoospores released increased by age (Table 3) . For all isolates, this number of plants aged 11, 12 and 13 days was significantly higher than from plants aged 8, 9 and 10 days (21.1 and 13.8, respectively). However, there was no significant interaction between these two factors. For spheric zoosporangia, there were no significant differences either between P. halstedii isolates or between different host ages. The number of zoospores released from spheric zoosporangia did not increase by time (Table 3) . There was no significant interaction between the two factors in this case as well. There was a significant correlation between the number of zoospores released from oval zoosporangia and latent period (r nz,lp =-0.978) as well as sporulation density (r nz,sd =0.949). Also, no correlation was revealed between number of zoospores released of spheric zoosporangia and latent period (r nz,lp = 0.450) as well as sporulation density (r nz,sd =-0.387). Like to the incubation period, there was a significant correlation between the intensity sporulation and the number of zoospores released from oval zoosporangia (r is,nz =0.800) as well as quantities of zoosporangia (r is,qz =0.904). For zoospores produced from spheric zoosporangia, there was no correlation with percentage sporulation (r nz,is =0.200) and quantities of zoosporangia (r nz,qz =0.219).
Molecular analysis
The combination of 12-EST derived markers revealed five multilocus genotypes (MLG) among seven P. halstedii isolates (Table 4) . Except Pha54, the isolates MIL 001 and MIL 002 were different for all genomic markers. The isolates MIL 001, DU 1842 and DU 1767 had the same genetic background. The Neighbour-joining tree showed that isolates DU 1915, DU 1734 and DU 1943 had an intermediary genetic position between MIL 001 and MIL 002 ( Figure 5 ). 
Discussion
The aim of this present study was to analyze the pathogen itself. Naturally, any biological property of Plasmopara halstedii is related to pathogenesis as this living is an obligatory biotrophic one. However, the phenotypic properties expressed in abiotrophic stages can be factors of selection of zoospores (this is an obligatory biotroph and the motile phase is also obligatoric for this parasite) or cystospores, but this kind of selection is not necessarily related directly to pathogenicity of P. halstedii. The virulence and aggressiveness manifest in relations to host, and it is a question of evaluation method as well as of economic requirements.
Identification of the most and the least virulent races of P. halstedii is difficult because not all the Pl genes were identified in differential lines of sunflower (Table 1) . Only genes Pl1, Pl2 and Pl6 were detected in D2, D3 and D9, respectively and P. halstedii isolates that overcome D3 can also overcome D2 (Tourvieille de Labrouhe et al 2000) . However, we do not know whether the isolates that overcome D3 are more virulent than those, which overcome D2. Moreover, the reaction of P. halstedii isolates to D9 was not satisfactory to detect the differentiation of virulence. Differential line D3 that carries the Pl2 gene is important for studying variation between those virulent and avirulent pathotypes, which do not overcome D3 line of sunflower. Based on the reaction of the seven isolates to D3, we can divide them into two groups. The first (more virulent) comprises the isolates of races 710, 704 and 714, which break through the resistance barrier of the differential line D3, while the second (less virulent) includes the isolates of races 100, 300, 304 and 314 which cannot.
Differences in aggressiveness of P. halstedii isolates are indicated when isolates vary in the degree of damage that they can cause in sunflower plants. The two criteria of aggressiveness measured in the present study were strongly correlated with each other (r = -0.959) when seven P. halstedii isolates were involved into the analysis. Sakr (2009) found that latent period and sporulation density were highly correlated (r = -0.840) for 35 single zoosporangium isolates assigned to the same races used in this study. These results correspond to those reported by Carlisle et al (2002) for another oomycete, Phytophthora infestans. They showed that the two measures of aggressiveness, latent period and sporulation capacity, were strongly correlated. In our experiment, the correlation between latent period and sporulation density could be explained by specialisation in aggressiveness towards tissue invasion and sporulation. The changes in frequency of sporulating plants during the incubation period reflect the manifestation of disease syndrome on the plants (Figure 2 ) while the number of zoosporangia produced on cotyledons reflects the fitness of pathogen in the infected tissues (Figure 3 ).
Short latent period and high sporulation density represent high aggressiveness (Sakr 2009 (Sakr , 2010 Sakr et al 2008 Sakr et al , 2009 ). According to significant differences in aggressiveness criteria between P. halstedii isolates (Table 2) , we can divide them into two main groups. The first (more aggressive) includes isolates of races 100 and 3xx, while the other group (less aggressive) is composed of isolates of races 7xx. Our results are comparable with those found by Sakr (2009) for the same P. halstedii isolates. This indicates that the variability between P. halstedii field isolates may be analyzed without using single zoosporangium isolates, in spite of that those field isolates were not cloned. In the pathosystem of Phytophthora infestans / Solanum tuberosum, Montarry et al (2006) showed that the most highly aggressive isolates had a shorter latent period and higher sporulation capacity than the less aggressive isolates. It is possible that the variation of aggressiveness between P. halstedii pathotypes is due to be an effect of additional virulence genes in aggressiveness as observed for other pathogens (Cruz et al 2000) .
Comprehension of the interaction between P. halstedii and its host plant requires knowledge of the variability of two components of pathogenicity since the populations of downy mildew use their pathogenicity to improve adaptation to environment in a better way. Regarding the results presented in Tables 1 and 2 , P. halstedii isolates may be divided into two pathogenic groups as more virulent and less aggressive isolates of races 7xx which overcome D3 line of sunflower, and less virulent and more aggressive isolates of races 100 and 3xx which cannot. The fact that both virulence and aggressiveness groups are identical has also been demonstrated for necrotrophic (De Wet et al. 2003; Montarry et al. 2006 ) and biotrophic (Bonde et al. 2006) pathogens.
Aggressiveness, the quantitative components of pathogencity, has been considered as an important factor in the adaptation of plant pathogens because it enables them to develop within the host plant (Van der Plank 1968; Cruz et al 2000) . Knowledge about the factors which contribute to aggressiveness helps us understand the processes of co-evolution between the pathogen and its host plant, particularly in the case of obligate parasite as P. halstedii which cannot develop only on sunflower. Zoosporangia viability seems to be among the main factors in the epidemiology of P. halstedii. This determines the amount of zoospores participating with primary and secondary infection (Meliala et al 2000; Tourvieille de Labrouhe et al 2000; Spring 2009 ). Based on that, we analyzed the viability of oval and spheric zoosporangia for seven P. halstedii isolates assigned to various races. Since tools for analyzing obligate parasite Peronosporacea are very limited (Spring and Thines 2004) , comparison of zoosporangia viability with aggressiveness could help to decide the potential value of this character in population study of plant parasites. Zoospores realased from oval zoosporangia varied according to two factors (Table 3) . First, P. halstedii isolates belonging to several races produced different proportions of zoospores. Second, this number seems to increase with duration of incubation. However, the nubmer of zoospores released from spheric zoosporangia was not affected by these two factors (Table 3 ). In our experiment, the number of zoospores produced from zoosporangia in P. halstedii isolates varied between 7.4 to 11.9. Our results are comparable with those found by G. Oros (pers. comm.), who found that this proportion varied between 1 and 50, however, most frequently 9±3. For another phytopathogenic oomycetes, there were differences about the number of zoospores released from zoosporangia: 1 to 12 zoospores for Sclerospora graminicola (Deepak et al 2006) , 4 to 13 for Plasmopara angustiterminalis (Komjati et al 2007) , and 1 to 6 for Plasmopara viticola (M. Blum pers. comm.). This was one of the several differences found to exist between phytopathogenic oomycete species and P. halstedii.
The more aggressive isolates of races 100 and 3xx produced more zoospores from oval zoosporangia than less aggressive isolates of races 7xx (Table 3) . But there were no differences between the two aggressiveness groups concerning the zoospores released from spheric zoosporangia (Table 3) . This indicates that a relationship between oval zoosporangia viability and both components of aggressiveness used in the present study may be established in P. halstedii. When P. halstedii produces more zoospores from mature zoosporangia, it quickly invades the healthy sunflower tissues and shows downy mildew characteristic syndrome. The correlation between oval zoosporangia viability according to infected plant age and both percentage sporulation and quantities of zoosporangia revealed the development of pathogen systemic infection in `FU`. At the earliest infection processes, the development of P. halstedii was slowed, and might be due to resistance mechanisms expressed by accumulation of QTL in sunflower inbred line `FU` . Indeed, our results are in accordance with those found by G. Oros (pers. comm.) , who reported that the number of zoospores released from a single zoosporangium depends on the conditions of zoosporangium induction and the age of thallus.
Because the effectiveness of the major resistance genes has recently been overcome and fourteen different races have been described (Tourvieille de Labrouhe et al 2000; Delmotte et al 2008) , our understanding of the recurrent breakdown of sunflower major resistance genes could be improved by new findings concerning the key processes governing the evolution of P. halstedii populations. By using the same EST-derived markers, Delmotte et al (2008) found that races 100, 300 and 304 had the same genetic clade as observed in our study. Delmotte et al (2008) grouped races 710, 704 and 714 together in the same genetic clade, however this association was not identified in the present work. The isolates used in our study were different from the ones used by Delmotte et al (2008) , and this may explain the different results reported. But the distinctiveness of the 7xx races compared to those of 100 or 3xx has recently been shown on the basis of ITS sequences data (Spring et al 2006) . No correlation was detected between pathogenicity traits (presence of two main groups) and EST genotypes ( Figure 5 ). These results are comparable with those found by Montarry et al (2006) for Phytophthora infestans by using AFLP genotypes. However, for Sphaeropsis sapinea, De Wet et al (2003) found that pathogenicity groups A, B and C were separated into three differential clades.
We will study P. halstedii underground zoosporangia to know whether a relationship may be found between aggressiveness and pear viability zoosporangia. It is necessary to underline morphological, pathogenic and genetic variability on a large collection of P. halstedii isolates with different races from several parts of the world to provide a better insight into interactions between this obligate parasite and its host.
